Distinct mechanisms involving cell shape and mechanical force are known to influence the 26 rate and orientation of division in cultured cells. However, uncoupling the impact of shape and 27 force in tissues remains challenging. Combining stretching of Xenopus laevis tissue with a 28 novel method of inferring relative mechanical stress, we find separate roles for cell shape in 29 orientating division and mechanical stress in cueing division. We demonstrate that division 30 orientation is best predicted by an axis of cell shape defined by the position of tricellular 31 junctions (TCJs), which aligns exactly with the principal axis of local cell stress rather than the 32 tissue-level stress. The alignment of division to cell shape requires functional cadherin and 33 the localisation of the spindle orientation protein, LGN, to TCJs, but is not sensitive to relative 34 cell stress magnitude. In contrast, cell proliferation rate is more directly regulated by 35 mechanical stress, being correlated with relative isotropic stress, and can be decoupled from 36 cell shape when myosin II is depleted. 37 38
INTRODUCTION

41
Cell division orientation and timing must be carefully regulated in order to shape tissues and 42 determine cell fate, preventing defective embryonic development and diseases such as 43 cancer (Mishra and Chan, 2014; Pease and Tirnauer, 2011; Quyn et al., 2010) . Recent work satisfied -$ − % -≥ 15°. In the latter two cases, was a significantly better predictor of 160 division angle than random (p < 0.0162 when -" − % -≥ 15°; p < 0.0042 when -$ − % -≥ 161 15°; Mann-Whitney U test), but " and $ were not ( Figure 2C&D ). Furthermore, CA, CP, and 162 CJ were all significantly higher in these subpopulations ( Figure S1D&E ; 95% confidence 163 intervals do not overlap), indicating that these cells are rounder, yet can still effectively orient 164 their spindle in-line with their TCJs. This result is strengthened considering that TCJs provide 165 fewer data points than area or perimeter, thus junctional data may be more susceptible to 166 geometric error than area and perimeter. For all of our data comparing cell shape with division 167 orientation, we use shape determined just prior to nuclear envelope breakdown (NEB), 168 avoiding any possible shape changes due to mitosis (e.g. cell rounding on entry into 169 mitosis/elongation at anaphase). However, to test whether the fidelity of division alignment to 170 TCJ shape changes depending on when shape is measured we compared -# − % -at time-171 points through mitosis, finding no significant difference ( Figure S1F ). It is important to note 172 that we do not see significant cell rounding in the Xenopus animal cap upon entry into mitosis 173 ( Figure S1C ), so static fidelity is likely a reflection of relatively static cell shape in this system, 174 a feature which helps simplify our analysis.
176
In unstretched tissue, cells which we classed as "rounded" (CA > 0.65; Figure 2E ) showed no 177 significant correlation between " and # or $ and # , as could be expected from previous 178 work (Minc et al., 2011) . However, % was significantly aligned with division angle in these 179 round cells, when compared to random (p = 0.025, Mann-Whitney U test) ( Figure 2F&G ). This 180 degree of sensitivity is striking and further demonstrates that TCJ-sensing could function 181 effectively in round cells, which may have previously been thought to divide at random.
182
Our analysis is based purely on predictions arising from the data and thereby has the 183 advantage of being independent of unknown model parameters and assumptions. However,
184
to test how our division predictions compare with previous models of division orientation we 185 turned to a well-known shape-based model of division in isolated cells (Minc et al., 2011) . The
186
"Minc" model hypothesises that astral microtubules exert length-dependent pulling forces on 187 the spindle, thereby exerting a torque and rotating the spindle, with division predicted to occur 188 along the axis of minimum torque. In this shape-based model, the shape of the cell 189 determines the distribution of torque on the spindle and thereby the division axis (see the
190
Supplementary Document for further details of this model and its implementation). As with our 191 purely geometric measures of shape, we found that the Minc model predicts division 192 orientation significantly better than a random distribution ( Figure 2H; 195 provided a prediction of division angle that was significantly better than random (p < 0.028, (Figure 2I & J) , indicating that TCJs provide a better prediction of division orientation. This
198
result held for multiple scaling laws between microtubule length and force ( Figure S1G&H ).
200
Local cell shape aligns with local stress and predicts division orientation better than 201 global stretch and stress
202
Contrary to observations in monolayers (Hart et al., 2017) , we found that cells in stretched 203 tissue divide according to cell shape both when % is oriented with ( Figure 3A ) and against 204 ( Figure 3B&C ) the direction of stretch. Moreover, in the case of cells that are relatively round 205 in shape (CJ>0.65), there is no preference for aligning with the global stretch direction and 206 indeed alignment with TCJ shape still appears more accurate than with the stretch axis 207 ( Figure S2A&B ; p < 0.005 for TCJS, not significant for stretch direction, Mann-Whitney U 208 test). These data indicate that global stretch direction is a poor predictor of division angle 209 when compared to cell shape. However, little is known about the local stress distribution 210 around individual cells in a tissue subjected to a stretch, which may not coincide with global 211 stress in such a geometrically heterogeneous material.
213
We extended a popular vertex-based model to mathematically characterise cell stress 214 (Brodland et al., 2014; Chiou et al., 2012; Ishihara and Sugimura, 2012; Nestor-Bergmann et 215 al., 2017; Nestor-Bergmann et al., 2018) . Predicted orientations of forces from the model Figure 3D ). We demonstrated this computationally in stretched tissue by simulating 223 a uniaxial stretch ( Figure 3E -F). Following stretch, we see that local cell stress remains 224 aligned with % , rather than the global stress along the x-axis. Much previous work assumes 225 that the local axis of stress coincides with the global stress. Significantly, the model predicts 226 that a stress-sensing mechanism would align divisions in the same direction as a shape-227 based mechanism (as in Figure 3B ).
229
The magnitude of cell stress does not correlate with the alignment of division angle 230 and TCJ positioning
231
If a stress-sensing mechanism were contributing to orienting division, we hypothesised that 232 cells under higher net tension or compression might orient division more accurately with the 233 principal axis of stress ( % ) . We infer relative tension/compression using the isotropic and compression, from an unstretched experiment is given in Figure 3G . Interestingly, we 242 found no correlation between the value of 566 (relative isotropic stress) and the alignment of increased cellular shear stress. Again, we found no correlation between ξ and the alignment 247 of division to ( Figure S2D ).
249
Despite the lack of correlation with stress magnitude, cell shape anisotropy, measured by CJ,
250
correlates significantly with -# − % -(p < 3.04x10 -10 , Spearman rank correlation coefficient;
251 Figure 3H ), with elongated cells having # aligned with % significantly better than round cells 252 (p < 1.64 x 10 -8 ; Figure 3I ).
254
Cadherin is required for positioning the mitotic spindle relative to cell shape
255
Immunofluorescence staining of b-catenin confirmed that adherens junctions were distributed 256 along the apical cell cortex, but particularly concentrated at the meeting points of three or 257 more cells ( Figure 4E ). To test a functional requirement for adherens junctions in orienting the 258 spindle, we focused on maternal C-cadherin (cadherin 3), which is expressed at the highest 259 level in Stage 10-11 Xenopus embryos (Heasman et al., 1994; Lee and Gumbiner, 1995) . We 260 used two constructs to manipulate C-cadherin in the tissue: C-cadherin FL -6xmyc (CdhFL:
261
Full length C-cadherin with 6xmyc tags at the intracellular c-terminus) and C-cadherin ΔC -262 6xmyc (CdhΔC: C-cadherin with extracellular and transmembrane domains, but lacking the 263 cytosolic domain) ( Figure 4A ) (Kurth et al., 1999) . CdhFL-and CdhΔC-injected embryos 264 developed normally up to Stage 10/11 ( Figure S3A ), but the majority of embryos failed to 265 complete gastrulation (Lee and Gumbiner, 1995) (and data not shown). We observed no 266 change in the cumulative distribution of cell circularities in CdhFL-and CdhΔC-injected 267 tissues compared to control tissue ( Figure S3B ). We also saw no difference in the rate of cell 268 divisions (data not shown).
270
CdhΔC-injected tissue was elongated by application of stretch ( Figure S3C ), but showed a 271 worse alignment of divisions to stretch direction compared to uninjected control and CdhFL-272 injected tissue ( Figure 4B ; Mann-Whitney U test p < 0.0162 for CdhΔC less than CdhFL).
273
Moreover, unstretched CdhΔC-injected tissue showed a significant decrease in the alignment 274 of division angle to , when compared to uninjected controls ( Figure 4C; 
279
15°, we found the striking result that division orientation was now significantly well predicted 280 by cell perimeter, but no longer by TCJs ( Figure 4D ; p < 0.0027 for alignment to , but not 281 significant for # to % ; Mann-Whitney U test). Therefore, overexpression of CdhFL was 282 sufficient to switch division orientation from alignment with TCJs to alignment with the shape 283 of the entire cortex.
285
To investigate the mechanism behind the observed switch in division orientation, we explored 
295
LGN, was altered by overexpression of CdhFL. Mosaic expression of GFP-LGN allowed us to 296 analyse at the single-cell level in stretched and unstretched animal caps. In control tissue
297
LGN, like b-catenin, shows a more concentrated localisation at TCJs ( Figure 4G and H). We 298 observed no significant difference in LGN localisation between unstretched and stretched 299 tissue (data not shown). However, we saw a loss of concentrated "hotspots" of LGN 300 localisation when CdhFL is overexpressed, with LGN instead spread more equally around the 301 whole perimeter ( Figure 4G and H). We conclude that overexpression of CdhFL switches 302 division orientation from alignment with TCJs to alignment with the shape of the whole cortex 303 by altering the localisation of LGN. Moreover, our data indicate that, in normal circumstances, 304 the concentration of LGN at TCJs plays an important role in aligning divisions with cell shape.
306
Cell division rate is temporarily increased following change in global stress
307
Stretch elicited a reproducible and significant increase in cell division rate, with 6.47 ± 1.12 % 308 of cells dividing per hour in the stretched tissue compared to 3.22 ± 0.55 % in unstretched 309 tissue ( Figure 5A , 95% confidence intervals do not overlap), as reported for cultured cells and 310 monolayers (Fink et al., 2011; Streichan et al., 2014b; Wyatt et al., 2015) . We roughly classify 311 two distinct periods of division after stretch; there is an initial period of high proliferation (8.1% cells undergoing division per hour; Figure 5B ), which drops, after 40-60 minutes, to near-313 unstretched control levels (4.2% cells undergoing division per hour). Stretching increases 314 apical tissue area by 6 ± 2.69% (95% confidence interval), and is predicted to increase global 315 stress by increasing individual values of 566 . We sought to determine whether the increase in 316 division rate is a response to these changes.
318
In both stretched and unstretched experiments, dividing cells had a larger area than the 319 population, being about 22.7% and 25.7% larger on average respectively ( Figure 5C ).
320
Similarly, the mean perimeter was significantly larger in the dividing cells by about 14.1% in 321 unstretched and 13.8% in stretched ( Figure 5D ). However, there was no significant difference 322 in the level of cell elongation in dividing cells ( Figure S2E ). Crucially, we found that dividing 323 cells were more likely to be under predicted net tension than compression ( Figure 5E , more 324 cells in red region). However, 566 is correlated with cell area (though the two are not always 325 equivalent), thus a further perturbation was required to separate their effects.
327
Loss of myosin II reduces cell contractility
328
We perturbed the mechanical properties of the tissue with targeted knockdown of non-muscle 329 myosin II using a previously published morpholino (Skoglund et al., 2008) . As expected, 330 myosin II knockdown disrupted cytokinesis, seen by the formation of 'butterfly' shaped nuclei,
331
where daughter cells had not fully separated ( Figure 6A&B ). However, division rate and 332 orientation could still be assessed using the same methods described for control tissue.
333
Myosin II is known to generate contractility within a tissue (Clark et al., 2014; Effler et al., 334 2006; Gutzman et al., 2015) . Accordingly, we found evidence for reduced contractility in the 335 myosin II MO tissue by observing that cells were much slower at adapting to stretch,
336
remaining elongated for longer (compare Figure 6C to Figure 1F ).
338
Myosin II is required for mitotic entry in unstretched tissue
339
Somewhat surprisingly, considering suggestions that myosin II may play a stress-sensing role 340 in orienting the spindle (Campinho et al., 2013), we found that alignment of division angle to 341 stretch and % was unaffected in global myosin II knockdown experiments ( Figure 6D&E ). In 342 contrast, proliferation rate was significantly affected, with divisions virtually ceasing in 343 unstretched myosin II MO tissue. Strikingly, stretching the myosin II MO tissue increased the 344 division rate to significantly higher levels ( Figure 6F ). Thus myosin II is required to cue cells 345 into division in the unstretched tissue, but this can be partially overridden by applying an 
356
Hertwig, 1893; Luxenburg et al., 2011; Minc et al., 2011) . We have presented a framework for 357 characterising cell shape in terms of its area, perimeter or TCJs (Supplementary Document).
358
We find that the principal axis of shape defined by TCJs is the best predictor of division angle, 359 better than cell shape as determined by area, perimeter or by a previous shape-sensing 
370
Cell-cell adhesion has been linked to spindle orientation in MDCK cells, where E-cadherin 371 instructs LGN/NuMA assembly at cell-cell contacts to orient divisions (Gloerich et al., 2017) .
372
E-cadherin polarises along a stretch axis, reorienting divisions along this axis rather than 373 according to cell shape (Hart et al., 2017) . In accordance, we find division is less well 374 predicted by shape in embryos injected with C-cadherin ΔC -6xmyc, lacking the cytosolic 375 domain. Interestingly, over-expression of C-cadherin around the entire cell cortex leads to a 376 switch in division orientation, from TCJs to division best predicted by a perimeter-based 377 shape axis. As β -catenin is increased around the cell cortex when C-cadherin is 378 overexpressed, we hypothesized that this may lead to altered recruitment of spindle 379 orientation proteins, such as LGN and NuMA (Gloerich et al., 2017) . Indeed we find that while
380
LGN is normally most highly localised to TCJs, overexpression of C-cadherin leads to a loss 381 of these "hotspots" and instead a more even spread of LGN around the entire cell perimeter.
382
We suggest that in the wild type situation, the hotspots of LGN localisation at TCJs will recruit 383 more NuMA and dynein providing localised force generation to orient the spindle according to 384 TCJ shape. When C-cadherin is overexpressed, and the LGN hotspots are no longer present,
385
we suggest that a perimeter-based shape sensing mechanism, similar to that proposed by 
398
Stretching increases proliferation rate, which correlates with cell area, perimeter and effective 399 pressure. We see almost no proliferation in unstretched myosin II MO experiments, although, 400 rather strikingly, the division rate is significantly increased following stretch. Dividing myosin II
401
MO cells are not significantly larger in area or perimeter than the population as a whole, 
414
In conclusion, we have combined whole-tissue stretching with a biomechanical model to 415 propose separate roles for cell shape and mechanical stress in orienting the spindle and 416 cueing mitosis. The mechanism involved in orienting the mitotic spindle does not appear to 417 sense relative cell stress directly. Instead, division is best predicted by an axis of shape 418 defined by TCJs and is dependent on functional cadherin and the recruitment of LGN. In 419 contrast to this shape-based mechanism, we find that cells may directly sense mechanical 420 stress as a cue for mitotic entry, in a myosin II-dependent manner. 
793
Xenopus laevis embryos were obtained and injected as described previously (Woolner and 794 Papalopulu, 2012) . RNA was synthesised as described previously (Sokac et al., 2003) and 
831
Scanning EM
832
Uninjected embryos were allowed to develop to stage 10 at 16°C and then animal cap tissue 833 was dissected and allowed to adhere to a fibronectin PDMS membrane as described 834 previously. After 2 hours the animal caps were fixed following a protocol previously detailed : Local stress aligns with shape. Division orientation is better predicted by shape in elongated cells, rather than those with higher relative isotropic or shear stress. A. Images taken from a confocal timelapse movie of a division in a cell in stretched tissue whose interphase shape (dashed line, 0:00) is oriented with the stretch (horizontal) axis. Cell division aligns with both cell shape and stretch axis. B. Timelapse images of an unusual cell in a stretched tissue, whose interphase shape (dashed line, 0:00) is oriented against the stretch axis. Cell division aligns with cell shape but against the stretch axis. C. Rose plot of difference between division angle, ! ! , and orientation of shape based on junctions, ! ! , for cells from stretched experiments, where ! ! was at least !" ! divergent to the direction of stretch. 29 cells satisfied this condition. Kolmogorov-Smirnov test found a significant difference from a uniform distribution (p=0.022). D. Representative cells showing classification of cell stress configurations. Red (blue) cells are under net tension (compression), where ! !"" is positive (negative). Larger (smaller) black arrows indicate the orientation of the principal (secondary) axis of stress, with inward-(outward)-pointing arrows indicating the tension (compression) generated by the cell. Yellow arrows indicate the principal axis of shape defined by cell junctions, which aligns exactly with a principal axis of stress. E. 50 simulated cells randomly generated in a periodic box, relaxed to equilibrium with parameters (!,!! = (-0.259, 0.172), under conditions of zero global stress (Nestor-Bergmann et al., 2017) . Red (blue) cells are under net tension (compression). Principal axis of stress (shape) indicated in black (yellow). F. Cells from E following a 13% area-preserving uniaxial stretch along the x-axis. G. Example segmented cells from an unstretched experiment. Cells in red (blue) are predicted to be under net tension (compression). H. Cell circularity defined by junctions, CJ, vs !! ! ! ! ! !. Spearman rank correlation coefficient found a significant correlation (p < 3.04 x 10 -10 ). Elongated cells (CJ ! !!!") cluster in blue box, whereas rounded cells (CJ ! !!!") have a more uniform distribution. I. Rose plot of difference between division angle, ! ! , and orientation of shape based on junctions, ! ! for round (CJ ! !!!"; right) and elongated (CJ ! !!!"; left) cells shown in H. Mann-Whitney U test indicated that elongated cells have ! ! aligned significantly more with ! ! than rounded cells (p < 1.64 x 10 -8 ). Scale bar in A&B: 20!m. All rose plots show percentage of cells. 
